Abstract-In this paper we define the method used to merge high resolution multi-sensor chlorophyll-a data on the Ireland-Biscay-Iberia Regional Ocean Observing System (IBI-ROOS) area at a resolution of 0.015°. The method is based on geostatistics and is known as kriging. The merged variable is the anomaly of chlorophyll-a, the anomaly being defined for a day as the difference between the daily image and the mean historical field for that day. The used chlorophyll-a dataset is derived from the daily level-2 water leaving radiances of the Sea-viewing Wide Field of View Sensor (SeaWiFS) of the Orbview platform, the Moderate Resolution Imaging Spectroradiometer (MODIS) of the Aqua platform and the Medium Resolution Imaging Spectrometer Instrument (MERIS) of the ENVISAR platform are obtained using specific algorithm developed by Ifremer, known as OC5 products. Before merging, each satellitederived chlorophyll-a data have been compared to in situ data and validated using a matchup dataset. After this validation against in situ data, inter-comparisons between the satellite datasets have been performed. As the chlorophyll-a anomaly is not stationary on the whole area, local space-time semi-variograms have been calculated. These semi-variograms are defined by their nugget effect (noise), range (maximum distance for a non null covariance between the anomalies) and sill (maximum variance). The ranges of the semivariograms have been approximated using local estimations on a regular grid. The nuggets and the sills have been deduced from the square of the mean of the chlorophyll-a concentration (the historical mean reference) as there is a classical proportionality effect between the square of the chlorophyll-a mean, the variance of the distribution and the parameters of the semi-variograms. Compared to each original product, the analysis shows a complete coverage and equivalent uncertainties in the retrieved variables and offers number of applications for environmental monitoring such as the application of the Water Framework Directive.
Introduction
Ocean colour satellite sensors provide a unique view over large-scale ocean biological processes. To use these data in a systematic way and to facilitate end users understanding, the merging of these multi-sensor data is required. Ifremer has defined, and has been applying for more than ten years, algorithms dedicated to Case 2 waters [1] based on simple but robust lookup tables that provide empirical correspondences between the normalised water-leaving radiances and the chlorophyll-a (chl-a) concentrations. Systematic comparisons of the satellite derived chl-a are made with in situ data from cruises, or in a more quantitative way, from Ifremer's or partners' coastal monitoring network. The user community of these OC5 products keeps on growing and these satellite-derived chl-a products, particularly robust on the European coastal areas, are now going to be used to complete the data set collected from the in situ monitoring networks for the application of the new Water Framework Directive (WFD) to extend the coastal observations for the evaluation of the coastal water bodies status for the eutrophication risk [2] .
We present here a scheme for merging global satellite chla data to produce a uniform product over the IBI-ROOS area (http://www.ibi-roos.eu/) for the period of 1998 to present, at a resolution of 1.1 km. The data used in the merging procedure are the chl-a concentrations of the MERIS, MODIS and SeaWiFS OC5 products processed daily by Ifremer at a resolution of 1.1 Km over a European region comprised between -12°E -13°W and 36°N -60°N. Each sensor is embedded on a platform describing a polar orbit. The swath width is about 2.8 km and 2.3 km for SeaWiFS and MODIS with a Local area Coverage (LAC) resolution of respectively 1.1 km and 1.0 km at nadir. For MERIS, the swath width is about 1150 km at nadir and the resolution of the reduced resolution (RR) products is 1.2 Km. In term of spatial coverage, for the year 2004, the mean daily coverage for the LAC resolution was ~24% for MODIS and ~22% for SeaWiFS and the studied area. This coverage could be extend to ~31% by simply binning the two chl-a daily products. For the year 2008, the respective coverages were ~18% for MERIS, ~24% for MODIS and ~30% for the simple binned product. Several studies have already been done to merge multi-sensors data to provide unique fields of chl-a. Maritorena and Siegel [3] used normalized water-leaving radiances from SeaWiFS and MODIS/Aqua together in the semi-analytical bio-optical model GSM01 to produce global fields of chl-a. Within the NASA SIMBIOS program, several methods [4] - [5] were tested from simple binning of daily chl-a from different sources to more sophisticated methods. Within the integrated project Marine Environment and Security for the European Area (MERSEA), Claire Pottier et al. [6] , directly combined the chl-a concentration products of both SeaWiFS and MODIS/Aqua using an optimal interpolation method and produced global fields at a resolution of 0.1°× 0.1°.
The method we detail here is based on the geostatistical formalism and kriging (MATHERON [7] ). This method was frequently used in oceanography to merge Sea Surface Temperature fields [8] [9] and altimetry data [10] . The result of multi-sensor data merging is strongly constrained by the calibration and the validation of each product itself. While some methods merge the waterleaving radiances, or reflectances, before retrieving the chl-a concentration [11] [12] [13] , we chose to directly merge the chl-a anomalies obtained from the three products and calculated using a monthly climatology previously computed over the period 1998 to 2008. Conversely to C. Pottier et al. (6) who worked in log-transformed data we have preferred to use the data in natural units without transformation. Although our data set of chlorophyll concentration shows the classical log-normal distribution (Campbell et al., [14] ) and despite the better stationarity properties of the log-transformed data, we have preferred to work on the natural values. This was done with the purpose of avoiding biases in the return to natural units after merging. As the exponential of the mean of the logtransformed data is not the mean of the original data, the exponential of the interpolated data is not an unbiased estimator of the searched quantity.
The in-situ and satellite data
A. The In situ data.
We selected 14 stations from the monitoring networks of Ifremer and its partners to perform direct comparisons between satellite and in situ chl-a over the period 1998 to 2008. The locations of the stations are represented in Figure 1 . Within French waters, stations were obtained from two main networks: the REPHY (1) phytoplankton network and the SOMLIT (2) network managed by INSU (3) . The Stonehaven station in the North-Sea, provided by Rodney Forster from CEFAS (UK) and the station D2 AZTI, provided by AZTI-Tecnalia within the "Variaciones" project (supported by the Department of Agriculture, Fisheries and Food of the Basque Government), were added to the dataset as they provide useful long time in the North and the South. All these stations were selected for their capacity to represent specific regional water conditions along the shores of the southern English Channel, the Bay of the Biscay, and the Mediterranean Sea. To perform direct comparisons between the network stations and the satellite chl-a, some of the locations were artificially shifted from the shore to avoid land contamination on the satellite data. The shifts are detailed in Table 1 . In the same manner, all the cruise data available at Ifremer were used to perform direct comparisons with the satellite data over the same period. Table 2 : the selected network stations and their associated shifts for comparison with the satellite data.
(1) REPHY: Réseau de surveillance du phytoplancton et des phytotoxynes. For MERIS, pixels flagged as HIGGLINT and for which the optical thickness at 865 nm was greater than 0.5 were rejected. The water leaving radiances (nLws) are then projected on a regular grid of 1.1 Km width and a dedicated LUT per sensor is applied to the nLws to obtain the OC5 chl-a products. For each sensor, the daily chl-a satellite data are available on the Nausicaa Marcoast web server (http://www.ifremer.fr/nausicaa/marcoast/index.htm) in jpg and netcdf formats.
The theoretical model of the merging procedure.
A. The formulation of the chl-a anomaly.
Chl-a anomalies were calculated from a monthly climatology computed over the period 1998 to 2008 using both MODIS and SeaWiFS OC5 chl-a data. This monthly climatology is a mean calculated using all days of a considered month in the period. For each pixel, the climatological chl-a has been calculated using the mean of the observed values. These chl-a values were firstly filtered using a simple threshold equal to 1.5*sdtev to remove extreme and doubtful observations. The climatological monthly fields for the chl-a, the mineral suspended matters and the light attenuation coefficient, are available on the Ifremer ftp facilities: ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/oceancolor/climato/monthly. Finally, the daily fields used to estimate the anomalies are calculated using a linear interpolation average regarding the position of the day between two months. B. The kriging method for interpolating the anomaly.
The parameter estimated by kriging is the chl-a anomaly. For each day, the anomaly A chl-a at each pixel centred on the position X 0 and at time t 0 will be interpolated using n satellite data A chl-a (xi,ti) available in the space-time vicinity of (X 0 ,t 0 ).
A chl-a (xi,ti) are the observed anomalies at location (xi, ti) in the spatial and temporal vicinity. For ensuring a well balanced set of observations, in space and time, the data used to calculate the a Chl A − estimation, or control points, were sought using a procedure that scrutinizes the anomaly images in the space-time vicinity. The procedure seeks observation points on decreasing disks in space, starting with the largest disk for the current day, and then alternates between previous and following days (Laffont [16] ). Once the anomaly has been optimally interpolated, the value is added to the climatological mean of chl-a at location (X 0 , t 0 ) to obtain the estimated chl-a. Determining the weights i λ in equation (1) is the main issue in optimal interpolation. In geostatistics, it is assumed that, because the chl-a anomaly is a random process characterised by stationary properties, the variance of the estimation error (V K ) can be expressed using the semi-variogram or the covariance obtained through the structural analysis.
The so-called 'simple kriging assumption' is that the mean
is zero and the covariance (or the semi-variogram of the increments) of A chl-a is known. The kriging estimator is the one that minimizes the variance of the estimation error. The hypothesis and the derivation of the estimation error is very similar in simple kriging to the technique applied by Bretherton et al. [17] well known in the oceanographic literature. The semi-variogram (or the structure function) is expressed for each lag of time dt (from dt = 0 to dt = 5) using the equation (3) for the n(h) points separated from the distance h.
In the simple kriging hypothesis where the mean of increments is zero and the semi-variogram exists, the variance of kriging can be developed as: To study the spatio-temporal covariance of the chl-a anomaly, which is generally more variable in the nutrientrich coastal areas than on the open sea, the global area has been divided in sub-regions of 10000 km² and some extra sub-regions were added near the shore. The sampling grid is presented on Figure 3 . For each sub-region an experimental semi-variogram (3) has been calculated per month over the period 2002 to 2004 using the SeaWiFS data. We considered that the chl-a anomaly was not structurally dependent on the directions i.e. its spatial distribution was isotropic. The spatial anisotropy of the chl-a anomaly, if it exists, really depends on local conditions in space and time (river floods, circulation ...) and therefore it would be particularly difficult to determine persistent anisotropic features in the anomaly on such a large scale. In a practical sense, it avoids also the calculation and the use of multiple directional semivariograms that would have been heavy to handle operationally without clear and significant improvement in the method. This regional approach leading to local variograms is very similar to the method developed in [18] for estimating the sea surface temperature by merging multi-sensor data sets. For each sub-region, a theoretical semi-variogram of spherical type (5) has been adjusted on the experimental semi-variogram (3). This was done using a least square minimisation procedure to fit the theoretical variogram to the experimental variogram. The theoretical variogram parameters we are trying to evaluate are the sill, the spatial range, the spatial and temporal nuggets (px and pt) Figure  4 . Nuggets are related to the variances due to the instrumental noise in space and time and the presence of micro-structures. The local values of the sills and the nuggets where derived from the square of the climatological monthly mean of chl-a. Figure 5 shows, for the month of April, the correlations between the regional sill and nuggets, locally estimated using the theoretical variograms adjusted on the experimental variograms, and the square of the mean of chl-a for each sub region. We observe for the month of April a coefficient r² of 0.74, 0.79, 0.71, respectively for the sill, the spatial and the temporal nuggets. For each month, we observe good correlations between these three parameters and the square of the mean of chl-a. For that reason, the generalisation of these parameters was done using the regression coefficients and the monthly climatological maps of chl-a. For months of December and January where the correlations were lower than 0.5 we used default parameters. Finally, we obtain realistic and continuous monthly maps for the sill, the spatial and temporal nuggets ( Figure 6 ). The spatial and temporal ranges are not correlated to the climatological mean. To determine the spatial ranges, we directly interpolated the deduced local spatial ranges using an interpolation procedure, provided by the IDL toolbox, to create continuous maps of spatial ranges on the area. The regional temporal semi-variograms were too noisy to evaluate the temporal ranges. We used then a global semivariogram calculated over the whole area to determine this parameter. The obtained value is 10 days for the temporal range. 
Results.
A. Validation of the satellite-derived chl-a concentration with in situ data.
The satellite OC5 products are compared to the in situ data set, comprising the selected stations and cruise data ( § 2.A). Figure 7 shows the scatter-plots and the statistics of the point to point comparisons between satellite and in situ data. The coefficient of correlation (r) indicates the covariance between the satellite dataset and the in situ observations and the statistics are calculated using non-log values. We consider here "matchups" data collocated in space (same pixel) and obtained during the same day. For the SeaWiFS OC5 product, the observed bias is -0,24 mg.m-3 compared to the cruise data and 0.04 mg.m-3 compared to the stations data. The correlation coefficient r is equal to 0.79 and 0.82 between the SeaWiFS data, the station data and the cruise data. For MODIS the observed biases are -0.17 mg.m-3 with the cruise data and -0.09 mg.m-3 for the comparison with the station data. The correlation coefficient is respectively equal to 0.53 and 0.54 compared to the cruise and the station datasets. For MERIS, with only 30 matchups with the cruise data, the observed bias is 0.36 mg.m-3 with a coefficient of correlation of 0,62. MERIS OC5 showed a slight negative bias of -0.72 mg.m-3 with the stations data with a coefficient of correlation of 0.75.
B.
Interpolating the satellite chlorophyll concentration by kriging.
The kriging procedure is applied to each pixel of the image grid to estimate the daily Chl-a field. For each interpolated day from 1998 to present, the procedure takes into account all the available images 5 days before and after the day being processed (when available). For each point of the image, parameters of the variogram are extracted from the monthly parameter maps (Figure 6 ). For a specific day, the parameter values are interpolated linearly using these monthly maps and weighted regarding the situation of the day within the month. For each point to estimate, 50 observations are collected and chl-a anomalies greater than 1.5*stdev are filtered. A specific procedure written and optimized in C, based on the GNU GSL scientific library http://www.gnu.org/software/gsl/, has been developed to process a daily image of 2401*1467 pixels in 12 minutes using a 2GHz processor. Figure 8 shows an example of the result of the interpolation procedure for the 2009/03/29 and the estimated error associated. For that example, 6 MODIS images and 6 MERIS images were used.
C. Validation of the multi-sensor analysis with in situ data.
The interpolated fields were compared to the in situ data using the same selected stations and relevant cruises over the 1998 to 2008 period. Figure 9 shows the scatterplots between the analysed product and the in situ data. The number of matchups with the cruise data has increased from 561 (for SeaWiFS , MODIS and MERIS) to 1448 and 1086 to 3970 for the station data. The observed biases of the analysis compared to the cruise data is -0.17 mg.m-3 and -0.26 mg.m-3 with the station data. This bias with the stations data is a bit negative compared to the direct satellite comparison (Figure 7 ). This might be explained by the fact that these stations are localized at the shore. The kriging procedure will collect more data offshore that can contribute to this slight underestimation, considering the general gradient of increasing chlorophyll shorewards. However this bias is almost negligible. a b
Globally the method does not introduce any bias which was expected as it is has been designed to verify this condition. The multi-sensor analysis shows also a standard deviation equivalent to that obtained from the direct matchups with the original satellite data.
The coefficient of correlation value between the analysed product and the cruise data is 0.72 and 0.63 between the analysis and the station data. The multi-sensor analysis, by filling the cloudy pixels, provides high frequency retrievals of chl-a that can contribute to a better monitoring of the biological processes. In comparison, most of the in situ networks have a sampling period of at least 15 days. During such a period, significant blooms of phytoplankton may occur and be missed by the in situ monitoring. These short time scale events will appear on the satellite data, except in case of persistent clouds in the vicinity of the bloom, and be easily identified using the multi-sensor analysis. Figure  10 shows comparisons between the satellite and the in situ data for the year 2007 at some of the selected network stations. The comparison with the instrumented buoy MAREL, located in Carnot, close to Boulogne, is also shown as it provides high frequency chl-a data (derived from an embedded fluorimeter). The continuous lines represents the climatological situation calculated using all the in situ data available at each station for the period 1998 to 2008 and the doted line the climatological P90 value using the same data. Figure 10a shows that during the period from the 15 April to the 20 May 2007 no satellite data was available at Boulogne from MODIS or MERIS, while in the same time the analysis showed clearly the spring bloom (with a maximum of 25 mg.m -3 reached the 17 April) followed by the decreasing of the chl-a concentration led by the nutrient availability lack. For each network station, one retrieval per day is in general provided by the multi-sensor analysis. This frequency, compared to a bi-weekly or a monthly frequency for the in situ data sampling, improves considerably the monitoring.
At Cabourg (Figure 10c) , the direct satellite data in 2007 do not retrieve all the high chl-a concentration events while in the same time the analysed product catches some of them. At the end of the month of April, the instrumented buoy at Carnot (Figure 10d ) shows some concentrations of 25 mg.m -3 while in the same time no data is available from MERIS and MODIS at this position. The analysis showed the same maximum of concentration. From the 15 May to the 15 June, the instrumented buoy showed very low chl-a concentrations, not confirmed by the satellites or the analysed product. We do believe that in that period the buoy encountered a maintenance failure.
Conclusion
In the short term future, the daily data provided by such analysis, associated with the confidence of end users in its quality, will offer number of applications to these data. The first application will be the validation of the coastal models by providing a cloudless reliable data set of satellite derived chl-a. The second application will concern the surveillance of the water quality. The chl-a multi-sensor analysis product, in its first version, is available on the Previmer website http://www.previmer.org/previsions/production_primaire/ and the new Nausicaa web server http://www.ifremer.fr/nausicaa2/marcoast. The data can also be directly downloaded from the Ifremer ftp facility 
